Depending on the strain, Theiler murine encephalomyelitis virus (TMEV) may cause acute encephalitis or chronic demyelinating disease, which is associated with viral persistence in mice. Persistent central nervous system infection and demyelination by the less-virulent TMEV has provided a useful animal model for the human demyelinating disease multiple sclerosis. The less-virulent BeAn strain of TMEV was crystallized and its atomic structure was determined by x-ray crystallography. The a-carbon coordinates of the closely related Mengo virus were used to calculate the initial phases to 3.5 A resolution and the interpretable electron density map was produced by 10 cycles of30-fold noncrystallographic molecular replacement averaging. The structure revealed a high degree of overall structural similarity to Mengo virus as well as substantial differences in the surface loops. These structural changes might be correlated with TMEV host-specific recognition, pH-related stability, and neurovirulence.
A resolution and the interpretable electron density map was produced by 10 cycles of30-fold noncrystallographic molecular replacement averaging. The structure revealed a high degree of overall structural similarity to Mengo virus as well as substantial differences in the surface loops. These structural changes might be correlated with TMEV host-specific recognition, pH-related stability, and neurovirulence.
Theiler murine encephalomyelitis virus (TMEV) belongs to the family Picornaviridae. Although TMEV is currently classified as an enterovirus, nucleotide sequences suggest that TMEV should be classified as a member of the cardiovirus genus, which includes encephalomyocarditis virus and Mengo virus (1) . The virion consists of a spherical protein shell that encapsidates a single-stranded RNA genome of positive polarity and 8098 nucleotides. There are four polypeptide species in the capsid, VP1 (37 kDa), VP2 (34 kDa), VP3 (27 kDa), and VP4 (6 kDa). The capsid presents an icosahedral symmetry and contains 60 copies of each of the four polypeptides. TMEV has been divided into two groups, the virulent group and the TO (Theiler's original) group (2) . The first group consists oftwo highly virulent viruses, GDVII and FA, which cause a rapidly fatal encephalitis in mice. The second group includes all the remaining strains that resemble TO isolates. Members of the TO group are much less virulent than GDVII and FA but produce a biphasic central nervous system disease: acute poliomyelitis (early onset) followed by a chronic, inflammatory, demyelinating disease (late onset) associated with viral persistence. Persistent TMEV infection and demyelination in mice has provided a useful experimental animal model for the human demyelinating disease multiple sclerosis (3) .
The three-dimensional structures of several picornaviruses have been determined by x-ray crystallography, including human rhinovirus 14 (HRV-14) (4), poliovirus (5), Mengo virus (6), and foot-and-mouth disease virus (FMDV) (7) . In the studies of HRV-14, some interesting features were observed in the viral capsid. Except for VP4, which is a short internal polypeptide exposed to the RNA, all three major capsid proteins, VP1, VP2, and VP3, contain an eightstranded antiparallel p-barrel folding motif, which exists in the capsids of many spherical viruses, ranging from RNA viruses to DNA viruses and from animal viruses to plant viruses. This indicates that these spherical viruses might have evolved from a common ancestor that used the 8-barrel folding motif to construct the icosahedral capsid. On the exterior surface, the neutralizing immunogenic sites identified by sequencing antibody-selected escape mutants were located on protrusions on the rims of a deep depression (termed the canyon) surrounding the fivefold icosahedral axes. The canyon was hypothesized to be the receptor binding site based on the notion that the virus could escape neutralization by host antibodies by changing the amino acid structures in the protrusions while keeping a conserved receptor binding site hidden at the bottom of the canyon.
In structural studies of other picornaviruses, conformational changes of the viral capsid proteins were found to be associated with the binding of the virion to the host receptor. When Mengo virus was crystallized in 0.1 M phosphate buffer (pH 7.4), there was a disordered loop of seven amino acids of VP3 in the middle of a depressed region (the pit) (6) . Under such conditions, the virions were unable to attach to the host receptor. If the crystallization buffer was changed to pH 4.6 or to a higher concentration of salt, the flexible loop assumed a rigid conformation approaching the FMDV (GH) loop of VP1 and virions could attach to the host receptor (8) . Conformational changes were also observed in the structure of a chimeric poliovirus, constructed by substitution of the VP1 BC loop of the type 1 Mahoney strain with that of the type 2 Lansing strain (9) . This substitution, which changed the host specificity of the Mahoney strain from primate to mouse cells, was accompanied by swelling of the entire VP1 pentamer array around the fivefold axes.
In this paper, we report the atomic structure of the BeAn strain of TMEV.$ Since it has been shown that TMEV neurovirulence is related to the capsid proteins of different virus strains (10) (11) (12) , this result might help in understanding host receptor recognition, pH-related stability, and neurovirulence.
MATERIALS AND METHODS BeAn virus was propagated in BHK-21 cells and purified as described by Rozhon et al. (13) . Several crystalline forms were obtained by the hanging drop vapor diffusion method and the tetragonal form, which was grown with PEG 3350 in 0.02 M boric acid buffer (pH 8.5), was suitable for x-ray diffraction structure analysis (14) . Diffraction data were collected at the Cornell high-energy synchrotron station unit cell was determined as tetragonal (a = b = 331.86 A; c = 796.26 A), and the Laue symmetry was 4/mm. The Rsym was 13.1% for I > 2or and the final data set includes 209,592 unique reflections to 3 A resolution (=50% complete to 3.5 A resolution). The pattern of systematic absence suggested that the space group should be P4122 or P4322. The crystallographic asymmetric unit contains half an icosahedral virus particle according to Vm calculations (2.5 for 4 particles per unit cell). The particle should sit on a crystallographic twofold axis and be located near (0.0, 0.5, 0.0) for packing considerations. A self-rotation function (using data between 5 and 15 A resolution) (15) and a locked rotation function (using data between 10 and 30 A resolution) (16) showed that the virus particle was rotated by 33.7°about the crystallographic twofold axis b, relative to the orientation of a chosen standard icosahedron (which has three twofold axes parallel to the orthogonal axes). An R factor search (7) using the a-carbon coordinates ofMengo virus and the data between 10 and 15 A resolution selected the space group P4322 and determined the precise particle location as (0.000, 0.510, 0.000). Initial phases were calculated to 3.5 A resolution with the Mengo virus a-carbon coordinates and the electron density was averaged by 10 viewed on a minimap and on the PS300 graphics computer with the FRODO program. Characteristic side chains could be easily identified and the polypeptide chain was traced within the icosahedral asymmetric unit. After building an atomic model, phases were calculated to 3.0 A resolution (adding 16,000 more reflections) with the new complete atomic coordinates and the density was averaged for five more cycles.
RESULTS AND DISCUSSION Structure Description. The three major capsid proteins, VP1, VP2, and VP3, have secondary structures similar to those of Mengo virus (Fig. 1) . Each contains an eightstranded antiparallel 1-barrel motif, which has been found in all picornaviruses and most other spherical viruses studied to date (17) . The nomenclature describing the Mengo virus structure is used here and the TMEV structure is compared with that of Mengo virus.
VP1. There are 276 residues in BeAn VP1 according to nucleotide sequencing (1), one amino acid less than the Mengo virus VP1. Most of the polypeptide chain has ordered electron density, the exception being the C-terminal residues 260-276. In Mengo virus, the C terminus of VP1 was also disordered beyond residue 260; however, weak density for residues 260-271 was later found in the refined structure (18) . The Mengo virus C terminus was on the side of the pit (see Introduction) adjacent to the neighboring VP1. In TMEV, the orientation of Pro-259 suggested that the C terminus turns to the same direction. Loops I and II in TMEV are made up of residues 73-94 (residues 74-90 in Mengo virus) and 94-112 (residues 91-110 in Mengo virus), respectively. Loop I is larger in TMEV than in Mengo virus and is shifted toward the EF loop, while the top of loop II in TMEV is pointing more toward the fivefold axis. The extra five residues in loop I form a protrusion pointing up from the viral surface (Fig. 2a) .
There is also a three-amino acid deletion in the second corner (HI loop) relative to Mengo virus. This deletion leaves the third corner (DE loop) more exposed near the fivefold axis. Residues 211-215 in the FMDV loop are shifted toward the GH loop in VP3. There are additional minor conformational differences throughout the polypeptide chain, but the complete 1-barrel motif and the N terminus can be superimposed on Mengo virus without any rotation or translation. A density was found on the fivefold axis at a radius of 120 A that has height similar to that of the polypeptide region but cannot be counted for any amino acids. Similar densities found in HRV-14 and Mengo virus, which are located at radii of 157 and 140 A, respectively, have been postulated as representing a bound metal ion (Ca2+ or Mg2+). However, it is unlikely that the density in TMEV is a bound ion because there are no nearby amino acids that may act as suitable ligands. Finally, the hydrophobic core in the B-barrel is empty.
VP2. VP2 in TMEV (267 amino acids) is 11 residues longer than that in Mengo virus. This difference corresponds to an insertion in the first loop of the puff (the EF loop), which has a conformation similar to that ofHRV-14. As a result, the puff in TMEV looks like a hybrid between HRV-14 and Mengo virus, the first loop (A) from HRV-14 and the second loop (B) from Mengo virus. The additional loop (A) in the TMEV puff has close interactions with the FMDV loop in VP1 (Fig. 2a) Fig. 1 and the purple is for VP4.
which may give the virion extra stability (see below). The N termini are clearly visible and form an annulus around the threefold axis as seen in Mengo virus and FMDV. The conserved Ser-11, which was proposed to be involved in the autoproteolytic cleavage of VP0 in the mature virion (6) , has the same side-chain orientation as in Mengo virus. However, experiments showed that Ser-10 of HRV-14 located at a similar position was not involved in the cleavage (19) . The last three residues at the C terminus are shifted away from the twofold axis.
VP3. VP3 in TMEV has 232 amino acids (231 in Mengo virus) and has the most conserved structure compared to other picornaviruses. One conformational difference is seen on the tip ofthe knob (a loop inserted in fE) (Fig. 1) . This segment has the same conformation as that in Mengo virus. However, the positions of residues 13-15 at the N-terminal end suggest that the preceding segment of the VP4 N terminus is oriented in a different direction. The second segment is close to the C terminus ofVP2 at the threefold axis. The sequence could not be clearly identified, but five amino acids may be fitted into the density.
Pit, the Putative Receptor Binding Site. The depression found in the contact region between VP1 and VP3 on the viral surface was designated as the pit when the structure of Mengo virus was determined. It was proposed as the putative receptor binding site based on its analogy to the canyon in HRV-14, and subsequent studies with Mengo virus indicated that the pit is indeed involved in the viral attachment to the host receptor (8) . The GH loop of VP3 sits in the middle of the pit and was found disordered in the initial structure determination of Mengo virus using crystals grown in 0.1 M phosphate buffer (pH 7.4). Under these conditions, Mengo virus is not infectious and is unable to bind to its host cellular receptor. If the pH was reduced to 4.6, the GH loop in VP3 became ordered and assumed a conformation similar to that found in HRV-14, and the virus was then infectious. At pH 7.4, a phosphate molecule was bound at a site beneath the FMDV loop of VP1 and prevented formation of the ordered conformation of the GH loop; lowering the pH restored infectivity by removing the phosphate molecule in the presence of high concentrations of phosphate. The GH loop of TMEV VP3 is ordered even at pH 8.5 and assumes the same conformation as infectious Mengo virus (Fig. 2a) . The potential phosphate binding site, similar to that in Mengo virus, still exists in TMEV, but the rigid conformation of the GH loop appears to block the entry of a phosphate molecule. Amino acid differences between BeAn and GDVII are located primarily outside of the pit (Fig. 3) . It is known that BeAn and GDVII bind to the same receptor; therefore, the receptor binding site should be conserved between the two strains (20, 21) . Moreover, the sequence variability of the TMEV GH loop from HRV-14 and Mengo virus also suggests its involvement in the host cellular receptor recognition.
pH-Related Stability. Although it has been suggested that TMEV should be classified in the cardiovirus genus, its stability under various pH values is different from other cardioviruses. A typical cardiovirus, such as encephalomyocarditis virus or Mengo virus, is destabilized around pH 6.2 by 0.15 M Cl-or Br- (22) . Structural studies of Mengo virus showed that capsid stability was associated with the conformation of the FMDV loop in VP1 and the GH loop in VP3. At pH 6.2, the FMDV loop was more open than at pH 7.4, while the GH loop in VP3 keeps its disordered conformation. This leaves a large open space at the boundary between VP1 and VP3 in the pit. The virion at this conformation is unstable and starts to disassemble in the presence of 0.15 M Cl-or Br-. In case of TMEV, the GH loop has a rigid closed conformation even at pH 8.5. In addition, the first loop of the VP2 puff has extensive interactions with the FMDV loop, which may maintain the FMDV loop in its stable conformation (Fig. 2a) RNA (10) and in sequences coding for the capsid proteins (10, 11) . A site that allowed viral persistence and demyelination in mice was also located in the capsid region (12) . These sites should map to the region where the amino acids are different in the two groups. The lethality of GDVII was lost when VP2 or VP1 of DA was substituted. However, the determinants for neurovirulence may not necessarily overlap with those resulting in viral persistence and demyelination (12) . Fig. 3 (24) . Cluster B region has been indirectly shown to be a potential antigenic site and neurovirulence determinant (25) . A single amino acid change (Thr-101 to Ile) on loop II of DA VP1 was identified in an antibody neutralization escape mutant, and this mutation was associated with a reduced ability of the virus to persist in the central nervous system (25) . This amino acid is close to cluster B on the second loop of the VP2 puff, which forms a two-strand A-fold with loop II in VP1 via interactions of residues 94-96 in VP1 and residues 176-178 in VP2. The Thr-101 to Ile mutation on loop II of VP1 is likely to alter the interaction, which may result in conformational changes of the second loop of the VP2 puff. This would suggest that interactions between subunits via loops may have a direct effect on virus-host interactions and viral pathogenesis. Replacement of GDVII VP2 might loosen the critical interactions involving the VP2 puff and could lead to attenuation of GDVII neurovirulence. TMEV vs. Mengo Virus. In general, the structures of TMEV capsid proteins are very similar to those of Mengo virus. The two virus structures could be superimposed on each other without any rotation or translation. The differences in main-chain conformation are found only on the exterior surface. Fig. 2 shows the main chain differences and the topographical differences on the viral surface. The changes in loops I and II of VP1, the puff of VP2, and the knob of VP3 make up the new topographical structural features in TMEV (named the northwest massif, the central ridge, and the southeast massif). The pit in TMEV appears to be different from the pit in Mengo virus. The pit is likely to be the site for receptor recognition. The surface loops probably contain the determinants of virion stability, neurovirulence of TMEV. The TMEV structure described here will allow design of experiments to identify the interactions of TMEV with its host.
